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Abstract'!
Introduction:!Age%related!microstructural!differences!have!been!detected!using!diffusion!tensor!imaging!(DTI).!Whilst!DTI!is!sensitive!to!the!effects!of!aging,!it!is!not! specific! to! any! underlying! biological! mechanism,! including! demyelination.!Combining! multi%exponential! T2! relaxation! (MET2)! and! multi%shell! diffusion!MRI!(dMRI)!techniques!may!elucidate!such!processes.!
Methods:! Multi%shell! dMRI! and! MET2! data! were! acquired! on! 59! healthy!participants! aged! 17%70! years.! Whole! brain! and! regional! age%associated!correlations! of! measures! related! to! multiple! dMRI! models! (DTI,! diffusion!kurtosis! imaging! (DKI),! neurite! orientation! dispersion! and! density! imaging!(NODDI))!and!myelin!sensitive!MET2!metrics!were!assessed.!
Results:!DTI! and!NODDI! revealed!widespread! increases! in! isotropic!diffusivity!with! increasing!age.! In! frontal!white!matter,! fractional!anisotropy!(FA)! linearly!decreased! with! age,! paralleled! by! increased! ‘neurite’! dispersion! and! no!difference! in!myelin!water! fraction! (MWF).! DKI!measures! and! neurite! density!correlated!well!with!MWF!and!intra%!and!extracellular!water!fraction!(IEWF).!
Conclusion:! DTI! estimates! remain! among! the!most! sensitive!markers! for! age%related! alterations! in! white! matter.! NODDI,! DKI! and! MET2! indicate! that! the!initial!decrease! in! frontal!FA!may!be!due! to! increased!axonal!dispersion!rather!than!demyelination.!!!!
!!
1.'Introduction:'!Throughout! adulthood,! the! human! brain! undergoes! significant! biophysical!changes! in! both! white! and! grey! matter! (Pannese,! 2011).! In! contrast! to! non%human! primates,! these! maturating! and! regressive! processes! occur!heterochronically!in!different!brain!regions!(Haroutunian,!et!al.,!2014).!!!Structural!magnetic! resonance! imaging! (sMRI)! has! played! a! pivotal! role! in! the!context! of! monitoring! and! understanding! the! healthy! ageing! process,! for!example,!by!measuring!atrophy!and!detecting!white!matter!(WM)!lesions!(Fjell,!et!al.,!2009,Raz,!et!al.,!1997,Salat,!et!al.,!2009).!However,!single!contrast!sMRI!is!suboptimal!for!measuring!microstructural!changes,!including!myelination,!which!may!predate!atrophy!(Haroutunian,!et!al.,!2014).!!Other!MRI!based!techniques,!such!as!those!that!are!sensitive!to!the!direction!of!water! diffusion! (diffusion!MRI)! or!myelin! content! (relaxometry,!magnetization!transfer! imaging)! are! increasingly! being! applied! to! study! lifespan! effects.! The!most!widely!used!of!these!approaches!is!diffusion!tensor!imaging!(DTI)!(Basser,!et! al.,! 1994).! Fractional! anisotropy! (FA)! describes! the! degree! of! non%isotropic!diffusion! and! is! a! popular,! non%specific! DTI! metric! that! is! used! as! a! general!indicator! of!microstructural! status! because! of! its! sensitivity! to! changes! in! cell!density,! size,! number! and! myelin! status! (Beaulieu,! 2002,Beaulieu! and! Allen,!1994).! See! (Tournier,! et! al.,! 2011)! for! a! review.! Age%related! differences! in! FA,!mean! diffusivity! (MD),! and! radial! diffusivity! (RD)! have! been! found! in! various!WM! regions.! The! changes! are! often! non%linear! (quadratic)! with! an! initial!increase! in! FA! and! decrease! in! MD! and! RD! followed! by! a! reversal! that! is!frequently! attributed! to! deficits! in! axonal! membrane! (myelin)! integrity.! The!greatest!changes!are!often! found! in! the!anterior!corpus!callosum!(Bartzokis,!et!al.,!2012,Brickman,!et!al.,!2012,Davis,!et!al.,!2009,Inano,!et!al.,!2011,Lebel,!et!al.,!2012,Pfefferbaum,!et!al.,!2000,Salat,!et!al.,!2005,Sullivan!and!Pfefferbaum,!2006).!!!Whilst!DTI!is!a!popular!technique,!it!is!not!without!significant!limitations,!many!of!which!relate!to!the!simplicity!of!the!tensor!model!(Jones!and!Cercignani,!
!!
2010).!In!response,!novel!non%tensor!based!diffusion!MRI!techniques!have!been!developed.! In! contrast! to! DTI,! Diffusion! Kurtosis! Imaging! (DKI)! also!measures!non%Gaussian! diffusion! and! may! provide! additional! and! complementary!information!to!DTI!(Jensen!and!Helpern,!2010,Jensen,!et!al.,!2005).!To!date,!only!a!few!studies!have!applied!this!technique!to!study!differences!across!the!lifespan.!In!these!studies,!mean!kurtosis!(MK),!a!measure!of!tissue!complexity!was!found!to!increase!in!WM!during!maturation!and!decrease!in!healthy!aging!(Coutu,!et!al.,!2014,Falangola,!et!al.,!2008,Gong,!et!al.,!2014,Latt,!et!al.,!2013).!!!Another! advanced! diffusion!MRI! analysis! technique,! neurite! orientation!dispersion!and!density!imaging!(NODDI)(Zhang,!et!al.,!2012)!aims!to!quantify!the!density!and!dispersion!of!neurites!(i.e.!axons!and!dendrites).!These!can!be!seen!as! independent! factors! influencing! anisotropy! and! provide! a!more! biologically!intuitive! model! of! diffusion! changes.! NODDI! has! been! successfully! applied! in!previous!studies!investigating!pathological!changes!(Billiet,!et!al.,!2014a,Lally,!et!al.,! 2014,Winston,! et! al.,! 2014)! and! neonates! (Jelescu,! et! al.,! 2015,Kunz,! et! al.,!2014,Melbourne,!et!al.,!2013),!but!has!not!yet!been!used!prospectively!in!healthy!ageing.!! Diffusion!estimates!have!proven!to!be!sensitive!to!many!microstructural!alterations,! yet! lack! specificity.! Furthermore,! diffusion! MRI! cannot! directly!assess! myelin,! which! has! an! important! role! in! ageing! processes.! ! Several!alternative!MRI!based!techniques!provide!myelin!markers,!including!the!myelin!water!fraction!(MWF)!obtained!from!multi%exponential!T2!relaxation!(MET2,!or!“myelin! water! imaging,! MWI”),! and! magnetization! transfer! imaging! (MTI).!Studies! using! MTI! have! found! evidence! of! potential! age! associated!demyelination;! yet! the! lack! of! specificity! of! these!measures! for! myelin!means!that!MTI!based! findings!need!confirmation!using!alternative!techniques.! In! this!context,! the! MWF! has! superior! specificity! for! myelin! content! (Stanisz,! et! al.,!2004,Vavasour,! et! al.,! 2011).! A! few! studies! have! been! conducted! assessing! the!evolution!of!myelination!in!neonates!and!children!(Deoni,!et!al.,!2012,Melbourne,!et! al.,! 2013,Whitaker,! et! al.,! 2008)! yet! limited! information! exists! about! the!evolution!of!MET2!metrics!during!adulthood!(Flynn,!et!al.,!2003).!!
!!
! There! are! undisputable,! heterogeneous! WM! microstructural! changes!associated! with! ageing! as! assessed! using! different! MRI! techniques.! However,!attributing! differences! in! univariate! MRI! measures! to! specific! microstructural!features!is!confounded!by!a!lack!of!specificity!and,!in!the!case!of!novel!measures,!a! lack! of! studies! characterising! their! behaviour! in! healthy! tissue.! In! this!multimodal!MRI!study!we!therefore!aimed!to!quantify!whole!brain!and!regional!age%related!differences!in!both!established!(DTI)!and!novel!diffusion!MRI!metrics!(DKI,!NODDI)!as!well!as!in!the!myelin!specific!MET2!technique!in!a!prospective!sample!of!healthy!individuals.!We!contribute!valuable!normative!data!for!future!studies! using! these! techniques! and! demonstrate! the! added! value! of! using!multiparametric! MRI! data! for! assessing! age%related! WM! microstructural!changes.!
'
2.'Materials'&'Methods''!
2.1'Participants'! Age!and!gender!matched!healthy!volunteers!between!the!ages!of!17!and!70! years! old! were! recruited! through! local! advertisement! in! the! Leuven!University! Hospital.! Inclusion! criteria! were! the! absence! of! current! medical!illness,! diagnosis! of! a! neurological! or! psychiatric! disorder,! previous! brain!surgery,! traumatic! brain! injury,! use! of! psychotropic! medication,! and!contraindications!to!MRI!scanning.!The!study!was!approved!by!the!local!Ethical!Committee! and! conducted! in! accordance! with! the! Declaration! of! Helsinki.!Originally! sixty%two! volunteers! participated! of! which! fifty%nine! were! retained!(min!age:!17,!max!age!70).!One!dataset!was!discarded!because!of!extensive!white!matter! hyperintensities.! The! remaining! participants! were! free! of! visible!hyperintensities.! Two! datasets! were! discarded! because! of! incomplete! data!acquisition.! Participants! were! randomly! scanned! within! a! timeframe! of! 7!months,!with! the! timing! of! data! acquisition! distributed! evenly! across! the! age%range!studied.!There!were!slightly!more! female!participants! than!males! (f/m!=!36/23)! but! their! mean! age! did! not! differ! (t! =! 0.49,! p! =! 0.62).! There! was! no!
!!
significant!difference! in!educational! level!across! the!age%range! investigated!(F=!1.68,!p!=!0.17).!Education!level!in!this!instance!refers!to!the!highest!educational!qualification!(i.e.!most!years!of!education)!obtained!in!Belgium!based!on!5!levels,!which! include:! primary! school,! secondary! school! (i.e.! high! school),! higher!education! of! short! duration! (equivalent! to! professional! bachelor),! higher!education! of! long! duration! (equivalent! to! professional! master)! and! university!degree!(academic!bachelor!+!master).!!
2.2'Data'acquisition'! MRI!brain!scans!were!acquired!using!a!3T!MR!scanner!(Achieva;!Philips,!Best,!the!Netherlands)!and!a!32%channel!phased%array!head!coil.!
!
2.2.1!Multi*exponential!T2*relaxation!!A!3D!GraSE!sequence!was!used!to!acquire!multi%slice!multi%echo!data!of!the!cerebrum!in!under!12!minutes!(Maedler!and!MacKay,!2007,Prasloski,!et!al.,!2012).! The! data! consisted! of! 32! mid%axial! slices! for! which! 32! echoes! were!acquired!with!TE!=!10!ms!(TE!=!10,!20,!…,!320!ms),!TR!=!1000!ms,!EPI%read!out!factor!of!3!and!voxel!size!1!x!1!x!2.5!mm3.!
!
2.2.2!Diffusion!MRI!!An! echo%planar! imaging! (EPI),! multi%shell,! high! angular! resolution!diffusion! imaging! (HARDI)! scheme! was! used! consisting! of! diffusion%weighted!images! for! b%values! of! 700,! 1000,! and!2800! s/mm2,! respectively! applied! along!25,!40!and!75!uniformly!distributed!directions!(Poot,!et!al.,!2010).!!!Each!series!of!diffusion%weighted!images!was!preceded!by!a!b!=!0!image.!An!additional!7!non%diffusion! weighted! images! were! acquired! yielding! 10! b! =! 0! images! in! total.!Constant!scan!parameters!were!TR/TE!=!7800!ms/90ms,!50!slices,!voxel!size!2.5!x!2.5!x!2.5!mm3,!parallel!imaging!factor!2.!A! T1%weighted! image!was! acquired! for! anatomical! reference! and! image!registration! purposes! using! a!whole! brain! 3D%TFE! sequence! consisting! of! 182!
!!
contiguous!coronal!slices!with!TE!=!4.6!ms,!TR!=!9.6!ms,!voxel!size!0.98!x!0.98!x!1.2!mm3.!The!total!scan!time!of!the!protocol!was!approximately!45!minutes.!!
2.3'Data'preCprocessing'!The! main! steps! in! the! image%processing! pipeline! are! visualized! in! Figure! 1.!Following! data! quality! assurance! and! correction,! the! MET2! and! diffusion!parameter! maps! were! calculated! in! each! subject! in! native! space.! These!parameter!maps!were!then!brought!into!a!common!template!space!via!a!series!of!controlled!affine!and!non%affine!registration!steps.!The!datasets!were!masked!to!define! which! voxels! should! be! included! as! WM! (based! on! the! T1%weighted!anatomical! image),! and! which! should! be! excluded! e.g! CSF! (including! lateral!ventricles),!subcortical!GM!(including!basal!ganglia!and!thalamus)!and!the!voxels!closest! to! the! cortical! boundary.! Parameter! values!were! then! assessed! in! each!individual!subject!in!masked!template!space.!Each!of!these!steps!is!described!in!more!technical!detail!below.!!2.3.1!Quality!assurance!&!calculation!of!quantitative!maps!!!Multi*exponential!T2!relaxation!The!T2!weighted!volumes!were!visually!checked!for!motion!artifacts!and!in!case!of!a!blurred!first!echo!image,!the!dataset!was!discarded.!!A!decay!curve!was!obtained!in!each!voxel!from!all!T2!weighted!images,!and!was!transformed!into!a!distribution!of!120!mono%exponential!T2!decay!curves!using!regularized!non%negative!least!squares!estimation!(Whittall!and!Mackay,!1989).!We!used!the!extended!phase!graph!algorithm!to!account!for!possible!stimulated!echoes!due!to!non%ideal!refocusing!pulse! flip!angles!(Hennig,!1988,Prasloski,!et!al.,!2011).!!A!1.02!regularization!factor!was!used!during!the!fitting!procedure!to!assure! smooth! T2! amplitude! distributions.! From! the! T2! distributions! the!following! MET2! metrics! were! derived! on! a! voxelwise! basis:! myelin! water!fraction! (MWF)! was! calculated! as! the! area! fraction! between! 10! and! 40! ms!relative! to! total! T2! distribution! area;! intra%! and! extracellular! water! fraction!(IEWF)! as! relative! area! between! 40! and! 200!ms;! IEW%gmT2! is! the! geometric!
!!
mean!T2!time!of!intra%and!extracellular!water;!G%gmT2!is!the!geometric!mean!T2!time!of!the!overall!distribution.!Example!MET2!parameter!maps!are!illustrated!in!Figure!2!and!summarized!in!Table!1B.!!
Diffusion!MRI!All!DWIs!were!visually!investigated!by!looping!through!each!dataset!in!all!three! orthogonal! views.! Datasets! with! clear! artifacts! such! as! signal! dropout,!gross!geometric!distortion!or!bulk!motion!were!discarded.!Satisfactory!datasets!were! corrected! for! eddy%current! and! motion%induced! geometric! distortions!using! the! ExploreDTI! toolbox,! which! is! based! on! the! approach! described! by!Irfanoglu! et! al! (Irfanoglu,! et! al.,! 2012).!This! step! also! included! the! appropriate!reorientation!of!the!B%matrix.!(Leemans,!2009,Leemans!and!Jones,!2009).!From!the! corrected! and! combined! DWIs,! diffusion! tensors! and! diffusion! kurtosis!tensors! were! obtained! per! voxel(Jensen,! et! al.,! 2005),! and! the! following!parameters! were! derived:! axial! diffusivity! (AD),! radial! diffusivity! (RD),! mean!diffusivity! (MD),! fractional! anisotropy! (FA),! axial! kurtosis! (AK),! radial! kurtosis!(RK),! mean! kurtosis! (MK)! and! kurtosis! anisotropy! (KA).! NODDI! metrics! were!derived! using! the! NODDI! toolbox1:! neurite! density! index! (NDI),! orientation!dispersion! index!(ODI)!and!(Gaussian)! isotropic! fraction!(FISO).!Example!dMRI!parameter!maps!are!illustrated!in!Figure!2!and!summarized!in!Table!1.!!2.3.2!Image!registration!! The! registration! pipeline! is! illustrated! in! Figure! 1.! A! population%based!template! was! constructed! based! on! the! b=2800! shell! of! the! diffusion! MRI!dataset,! using! an! affine! and! subsequently! non%rigid! DTI%based! registration!algorithm! incorporating! tensor! reorientation! (Leemans! and! Jones,! 2009,Van!Hecke,!et!al.,!2007).!The!b!=!2800!shell!was!chosen!for!optimal!angular!contrast.!All!parameter!maps!were!computed!in!native!space!and!then!coregistered!to!this!population%based! template! using! the! following! steps.! First,! the! “Advanced!Normalisation!Tools”!(ANTS)!toolbox!(Avants,!et!al.,!2008)!was!used!to!affinely!register! the!MET2!metrics! to! the! native! T1! image! by!maximization! of! mutual!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!1!http://www.nitrc.org/projects/noddi_toolbox!
!!
information! between! the! first! echo! image! and! the! T1! image.! Affine!transformations! were! justified! by! the! absence! of! any! geometric! distortions! in!MET2! data.! Next,! the! MET2! metrics! and! T1%based! tissue! classes! were!diffeomorphically!registered!(Avants,!et!al.,!2008)!to!b!=!1000!data!(for!optimal!GM! and! WM! tissue! contrast).! To! optimally! account! for! remaining! geometric!distortions!of!dMRI!data,!two!similarity!measures!with!equal!weight!were!used:!mutual!information!between!the!T1!image!and!average!of!the!b=1000!DWIs,!and!cross!correlation!between!T1!WM!and!the!FA!image.!Finally,!all!the!MET2!as!well!as!WM!tissue!segmentations,!DTI,!DKI!and!NODDI!native!parameter!maps!were!nonrigidly!normalized!to!the!group!template!using!an!affine!and!non%rigid!DTI%based! coregistration! algorithm! (Leemans! and! Jones,! 2009,Van! Hecke,! et! al.,!2007).!!2.3.3!Construction!of!white!matter!masks!! To!reduce!partial!volume!effects,!each!participant’s!image!was!multiplied!by! a!WM!mask! based! on! their! individual! thresholded! (0.8)! and! binarised!WM!tissue!map!obtained! from! the!SPM8!segmentation!of! their!native!T1! image.!As!such,!we!restricted!analysis!to!voxels!containing!at!least!80%!WM.!Furthermore!any! voxels! that! overlapped! with! the! “Automatic! lateral! ventricle! delineation”!(ALVIN)! ventricle! mask! were! excluded! (Kempton,! et! al.,! 2011).! Additionally,!another!WM!mask!was!applied!based!on!the!average!white!matter!segmentation!of! all! subjects,! thresholded! at! 0.8! and! binarised.! This!was! done! to! ensure! that!only! voxels! that! had! a! high! likelihood! of! being! WM! in! all! participants! were!incorporated.!Finally,!to!reduce!partial!volume!contamination!from!voxels!in!the!basal! ganglia! and! thalamus! regions,! an! exclusion! mask! was! applied! including!caudate,!putamen,!globus!pallidus!and!thalamus!ROIs!as!defined!by!the!Harvard%Oxford! cortical! and! subcortical! structural! atlas! (Frazier,! et! al.,! 2005).! The! final!mask!is!visible!in!Figure!1!and!in!more!detail!in!Supplementary!Figure!1!and!2.!!!
2.4'Data'analysis'2.4.1!Region%of%interest!analysis!
!!
For! assessing! the! correlation! of! all! metrics! with! age! in! well%defined!regions!of!interest!(ROIs),!we!used!the!Johns!Hopkins!University!(JHU)!WM!atlas!labels!(Mori,!et!al.,!2005).!For!each!participant,!the!mean!metric!value!of!voxels!inside!a!ROI!was!calculated,!excluding!the!lowest!2%!and!highest!2%!of!values.!Because!the!3D!GraSE!sequence!has!a!limited!FOV,!metrics!were!only!evaluated!in!those!regions!for!which!all!participants!had!data!in!more!than!half!of!the!ROI!(i.e.! all! brainstem! and! cerebellum! regions!were! excluded).! To! reduce!multiple!comparisons,! the! analysis! combined! bilateral! structures! into! single! regions!(n=23).!This!was!deemed!acceptable!because!age%related!differences!have!been!shown! to! occur! predominantly! bilaterally! (Callaghan,! et! al.,! 2014,Draganski,! et!al.,!2011,Lebel,!et!al.,!2012,Salat,!et!al.,!2005).!Also!small!ROIs!(mean!–!standard!deviation!less!than!100!voxels)!were!excluded!from!the!analysis!to!avoid!ROI!size!bias.! These! included! the! tapetum,! uncinate! fasciculus,! superior! fronto%occipital!fascicles,!the!cingulum!near!the!hippocampus!(separate!from!the!cingulum!near!the! cingulate! gyrus)! and! the! fornix! body! (separate! from! the! larger! fornix!crescent/stria! terminalis).! The! remaining! ROIs! and! their! size! in! voxels! are!summarized!in!Supplementary!Table!1.!!The! resulting!mean!metric! values! inside!ROIs! and!whole! cerebrum!WM!were! then!assessed! for! their! linear!and!quadratic! correlation!with!age!and! the!shared! variance! between! any! two! metrics! was! computed.! Correlations! were!deemed! significant! if! the! resulting! p%value!was! below!0.05! after! correcting! for!multiple! comparisons!using! the!Holm%Bonferroni!method! for! family%wise!error!(FWE).!The!Steiger!z%test!was!applied!to!assess!whether!there!was!a!significant!difference!(pS<0.05)!between!linear!and!quadratic!correlation!with!age!for!each!ROI!and!metric.!!2.4.2!Voxel%wise!analysis!!Statistical! analyses! were! carried! out! on! smoothed! parameter! maps!(FWHM=6mm)!in!population!atlas!space!using!mass%univariate!linear!regression!as! embedded! in! the! general! linear! model! framework! of! SPM8! (statistical!parametric! mapping! software;!!
!!
http://www.fil.ion.ucl.ac.uk/spm/software/spm8/,! London,! United! Kingdom)!with!age!as!a!regressor.!2%tailed!t%!tests!were!used!to!look!for!differences!in!15!MRI%based!measures!with!age:!DTI!metrics! (FA,!MD,!AD,!RD),!DKI!metrics! (KA,!MK,! RK!AK),! NODDI!metrics! (NDI,! ODI,! FISO)! and!MET2!metrics! (MWF,! IEWF,!IEW%gmT2,! G%gmT2).! An! explicit!mask! limited! the! analysis! to! the! average!WM!mask!also!used! in!ROI!analysis! (i.e.! average!of!WM!tissue!maps! thresholded!at!0.8,!binarised!and!excluding!basal!ganglia,!thalamus!and!lateral!ventricles).!!!!Additionally,! we! performed! a! voxel%based! morphometry! analysis! using!“diffeomorphic! anatomical! registration! through! exponentiated! Lie! algebra”!(DARTEL)!(Ashburner,!2007),! investigating!the!correlation!of!WM!volume!with!age,!expressed!as!a!T%score.!This!was!performed!on!smoothed!(FWHM!=!6mm)!modulated! normalized! WM! maps! in! MNI! space! generated! from! the! standard!SPM8! DARTEL! pipeline.! Total! WM! was! calculated! using! the! SPM! get_totals!script2.!!In! all! SPM! analyses,! family%wise! error! was! controlled! using! an! FWE!threshold! of! p=0.05! and! clusters! surviving! this! threshold! were! deemed!significant!below!pFWE=0.05!at!cluster%level.!!!
3.'Results'
'
3.1'RegionCofCinterest'analysis'! Figure!3! illustrates! the! linear! correlation!of!DTI,!DKI,!NODDI!and!MET2!metrics! with! age! in! WM! regions! and! in! the! cerebral! WM! (mask).! ROIs! and!metrics!are!ranked!according!to!the!mean!shared!variance!(R2)!with!age.!Regions!are! ranked! from! top! to! bottom! according! to! average! shared! variance! across!metrics.! Results! for! the! total! cerebral!WM! are! added! on! top! of! the! figure! for!comparison.!Metrics!are!ranked!from!left!to!right!according!to!average!R2!across!ROIs.! Figure! 4! illustrates! the! correlation! coefficient! (i.e.! square! root! of! shared!variance)!for!quadratic!fit.!A!positive!sign!means!the!metric!vs.!age!relationship!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!2!http://www0.cs.ucl.ac.uk/staff/G.Ridgway/vbm/get_totals.m!
!!
(a!parabola)!resembles!a!U%shaped!curve!while!negative!coefficients!indicate!an!inverse!U%shaped!curve.!!
3.1.1!Regional!correlations!
! On!average! across! regions,! the!NODDI!measure!of! isotropic!diffusivity! (!FISO)! showed! the! largest! differences!with! age,! followed! by! neurite! dispersion!(ODI)! and! fractional! anisotropy! (FA).! In! some! regions,! a! quadratic! correlation!describes! the! data! significantly! better! than! a! linear! correlation.! These! region%metric! combinations! are! denoted! with! a! black! cell! border! in! Figure! 4.! As! an!example!the!curves!of!RD,!MK,!ODI!and!IEWF!in!selected!ROIs!are!illustrated!in!Figure!5.!The!ROIs!that!show!the!strongest!correlation!with!age!on!average!across!metrics!were! the! fornix,! cerebral! peduncles,! external! capsules! and! the! genu!of!corpus!callosum.!The! least!strong!correlations!were!found!in!posterior!regions,!including!the!callosal!splenium.!!
3.!1.!2!!Diffusion!metric!correlations!The!NODDI!metrics!were!frequently!positively!correlated!with!age!across!the! regions! investigated.! FISO! showed! the! highest! correlation! with! age! in! the!external!capsules!(r!=!0.67,!pFWE!<!0.001)!followed!by!the!total!cerebral!WM!(r!=!0.62,!pFWE!<!0.001),! suggesting!more! free! (isotropic)!diffusion!with!age.!This! is!also!reflected!in!the!positive!correlations!of!MD!(in!cerebral!WM:!r!=!0.31,!pFWE!=!0.005).!Figure!4! shows! that! age%related!differences!of!FISO!and!all!diffusivities!(MD,!RD,!AD)!tend!to!express!a!U%shaped!pattern,!which!means!a!local!minimum!is! reached! after!which! values! increase.! The! sagittal! stratum! is! the! only! region!where!RD!and!MD!show!a!significantly!better!quadratic,!compared!to!linear!fit.!Because!ODI!and!NDI!are!believed!to!represent!independent!aspects!of!FA!(Zhang,!et!al.,!2012)!we!group!results!from!these!metrics!here.!In!most!ROIs,!ODI!and! FA! show! similar! but! opposite! linear! correlation,! suggesting! reduced!anisotropy!with!increasing!age.!Figure!4!reveals!that!in!most!ROIs!where!both!FA!and! ODI! change! significantly,! the! curves! of! ODI! vs.! age! and! FA! vs.! age! are!opposite! to! each! other,! indicating! some! similarity! between! both.! The!
!!
(predominantly!linear)!positive!correlation!of!NDI!with!age!furthermore!reflects!increasing! intracellular%like! signal! relative! to! the! extracellular%like! signal.! The!profiles!of!FA,!ODI!and!NDI!vs.!age!were!not!consistently!U%shaped!or!inverse!U%shaped!across!regions.!Diffusion!kurtosis!metrics!revealed!less!age%related!differences!compared!to! DTI! and! NODDI!metrics.! Of! all! the! DKI! parameters,! AK! displayed! the!most!significant!correlation!with!age,!reflected!by!increasing!values!over!the!lifespan.!Mean! kurtosis! increased!most! significantly! in! the! anterior! limb! of! the! internal!capsules! (r! =! 0.50,! pFWE! =! 0.012)! and! presented! inverse! U%shaped! profiles.!Differences!in!RK!and!KA!were!too!small!to!reveal!the!shape!of!quadratic!fitted!curves,!as!only!few!ROIs!yielded!above!threshold!correlation!coefficients.!!!
3.1.3!!MET2!metric!correlations!Compared!to!diffusion!MRI!metrics,!the!differences!in!MET2!metrics!were!generally!smaller.!The!most!significant!differences!in!MET2!metrics!were!found!in! the! fornix! crescent/stria! terminalis.! In! this! structure!MWF! showed! a! trend!towards!a!linear!increase!(r!=!0.46,!pFWE!=!0.057)!and!IEWF!decreased!with!age!as!a!U%shaped!curve!(r!=!%0.56,!pFWE!=!0.0074).!!
'
3.2'Voxelwise'assessment'of'lifespan'effects'!
3.2.1!Whole!brain!correlations!!There!was!no! significant! correlation!between! total!WM!volume!and!age!(linear:!r!=!%0.0094!(p!=!0.94),!quadratic:!r!=!%0.0034!(p!=!0.98)).!Results!from!our!voxel!based!morphometry!DARTEL!analysis!additionally!revealed!no!statistically!significant!regional!WM!volume!effects!at!the!selected!cluster%level!threshold!of!pFWE=0.05.!!3.2.2!Diffusion!MRI!metrics!!
DTI!
! Figure! 6! illustrates! regional! differences! in! FA,! MD,! RD! and! AD.! Effects!were!widespread!including!a!bilateral!anterior!reduction!in!FA!located!along!the!
!!
frontal!projections!of!the!corpus!callosum!(T>5.28,!pFWE!<0.009!at!cluster%level).!This!decreased!anisotropy!was!mainly!paralleled!by!an!increase!in!RD!(T>5.48,!pFWE<0.01!at!cluster!level)!and!less!by!MD!or!AD.!Anisotropy!was!decreased!and!(mainly! radial)! diffusivity! increased! in! superior! parietal!WM! (corona! radiata)!and!regions!of!crossing!fibres!such!as!the!centrum!semiovale!(FA:!T!=!7.17,!pFWE!<!0.001;!RD:!T!=!7.41,!pFWE!<!0.001).!!
!
DKI!! Figure!7!illustrates!regional!differences!in!AK,!MK,!RK!and!KA.!There!were!substantially!fewer!age%related!differences!detected!using!DKI!compared!to!DTI.!Similar!to!MD,!MK!increased!with!age!in!the!corona!radiata!(T=7.40,!pFWE<0.001).!In! contrast! to!DTI!where!RD!appeared! to!drive! the! increased!mean!diffusivity,!MK!was!more!paralleled!by!an!increase!in!AK!(T!=!7.42,!pFWE!<!0.001)!than!RK!(T!=!6.44,!pFWE!=!0.001).!The!internal!capsules!furthermore!showed!a!trend!towards!increasing!MK!(T=4.25,!pFWE!=!0.022)!!!
NODDI!Figure!8! illustrates!regional!differences! in!FISO,!ODI,!and!NDI.!The!most!significant! effects! were! widespread! increases! in! FISO! throughout! most! of! the!cerebral!WM,! including! the!corpus!callosum!body!and!corona!radiata,!but!with!only!limited!increases!in!the!occipital!lobe.!!! Of!the!NODDI!metrics,!differences!in!NDI!were!smallest,!with!increases!in!the!posterior!corona!radiata.!Only!very!limited!differences!in!NDI!were!found!in!WM!of!the!frontal!lobe.!!!ODI! on! the! other! hand! expressed!widespread! linear! increases!with! age!including!both!anterior!and!posterior!corona!radiata,!the!intersection!of!several!parietal! and! occipital! fiber! pathways,! (T! =! 7.84,! pFWE<0.001)! and! posterior!thalamic!radiation!(T=!5.82,!pFWE<0.001).!!3.2.3!!!Myelin!water!imaging!metrics!
!!
!Figure!9!illustrates!regional!differences!in!MWF,!IEW%gmT2!and!G%gmT2.!Overall,! age%related! differences! were! minor! and! only! few! results! were!significant.!Mean!T2!time!(G%gmT2),! IEWF!and!IEW%gmT2!slightly!decreased! in!the!external!capsules!(T!=!5.76%6.27,!pFWE!=!0.001!–!0.004)!There! was! a! trend! towards! an! overlapping! increase! in! MWF! and! decrease! in!IEWF!and!G%gmT2!(but!not!IEW%gmT2)!in!the!midbrain!(T!=!4.22!–!5.39,!pFWE=!0.012! %! 0.23).! Minor! increases! of! all! MET2! metrics! were! found! in! the! corona!radiata! and! of! IEW%gmT2! in! frontal! WM.! Notably,! unlike! with! the! diffusion!metrics,!MET2!metrics! displayed! both! increases! and! decreases!within!metrics,!which!may!reflect!changing!T2!properties!of!tissue!over!the!lifespan.!
'
3.'3'Correlation'between'metrics'
' Figure! 10! displays! the! shared! variance! (i.e.! the! square! of! the! linear!correlation! coefficient)! between! pairs! of! metrics! in! whole! cerebral! WM!illustrating! how! much! similar! or! unique! information! the! different! metrics!provide.!!As! expected,! DTI! metrics! have! a! high! proportion! of! shared! variance!among!themselves!(i.e.! intra%modal).!The!same!is!true!for!DKI!and!MET2,!while!NODDI!metrics!share!only!limited!variance!with!each!other!(FISO!vs.!ODI:!12%,!NDI! vs.! ODI:! 3%,! FISO! vs.! NDI:! 21%).! FISO,! being! an! indicator! for! isotropic!diffusivity,!correlated!strongly!with!MD!(31%),!RD!(30%)!and!AD!(20%),!which!also! quantify! isotropic! diffusion.! Across! whole! cerebral! WM,! the! measures! of!anisotropy!FA!and!ODI!showed!rather!strong!(negative)!correlations!with!each!other!resulting!in!36%!of!shared!variance.!In!contrast,!NDI!was!not!significantly!correlated!with!FA!(17%)!or!ODI!(3%).!MWF!and!IEWF!correlated!strongly!with!DKI!metrics!and!NDI,!but!not!with!DTI!measures.!!Similarly,!NDI!showed!higher!shared! variance!with!DKI!metrics! (in! particular!with!MK:! 89%)! than!with!DTI!metrics.!!
'
4.'Discussion'
!!
!
4.1!Summary!! In! this! cross%sectional! study,! we! examined! the! relationship! between!multiple! diffusion! MRI! and! myelin%sensitive! MET2! “myelin%water! imaging”!measures! and! age! in! brain! WM! in! a! healthy! adult! population.! We! used!complementary!ROI! and! voxel%based! analyses,! and! examined! the! relationships!between! the! different! parameters! used! in! these! analyses.! Our! results! indicate!widespread!WM!microstructural!differences!in!the!absence!of!gross!WM!atrophy,!with!heterogeneous!regional!alterations!between!different!measures,!potentially!reflecting! different! aspects! of!microstructural! change! and! their! evolution! over!the! period! of! late! development! and! early! ageing.!Metrics! quantifying! Gaussian!diffusivity! (in! particular! FISO)! had! the! strongest! correlations! and! most!widespread! age%effects,! possibly! related! to! cerebrospinal! fluid! increase,!whilst!non%DTI!metrics!correlated!well!with!myelin!water!imaging!measures.!!!
4.2!Study!findings!in!the!context!of!retrogenesis!and!(de)myelination!! Our! results! are! in! agreement! with! previous! findings! of! an! age%related!decline! in! FA! that! is! more! pronounced! in! frontal! regions! (Bartzokis,! et! al.,!2012,Davis,! et! al.,! 2009,Lebel,! et! al.,! 2012,Salat,! et! al.,! 2005)! and! which! may!reflect!an!anteroposterior!gradient!of!retrogenesis!(Bartzokis,!et!al.,!2012,Inano,!et! al.,! 2011,Kumar,! et! al.,! 2013,Lebel,! et! al.,! 2012,Madden,! et! al.,!2004,Pfefferbaum,!et!al.,!2000,Salat,!et!al.,!2005).!In!this!process,!WM!fibers!that!were!myelinated!latest!during!development!(e.g.!genu!of!corpus!callosum)!have!thinner! myelin! sheaths! than! early! developing! WM! (e.g.! splenium! of! corpus!callosum)!and!therefore!degenerate!first!during!late!adulthood!and!senescence.!!Although! controversial! (Wheeler%Kingshott! and! Cercignani,! 2009),!changes!in!RD!have!been!associated!with!changes!in!the!myelin!sheath!(Song,!et!al.,!2005).!The!age%related!decrease!in!FA!and!increase!in!MD!we!detected!were!indeed!accompanied!by!a!more!significant! increase!of!RD!than!AD!suggesting!a!myelin%related! contribution! to! FA! decrease.! However,! our! results! from!myelin!water! imaging! run! somewhat! counter! to! the! demyelination! hypothesis! as! we!
!!
detected! positive,! not! negative! linear! correlations! between! age! and! MWF,! in!agreement! with! Flynn! et! al.! (Flynn,! et! al.,! 2003).! The! low! shared! variance!between!MWF!and!FA!in!our!study!indicates!that!age%related!FA!changes!do!not!necessarily!correspond!to!changes!in!myelin!content.!This!is!in!line!with!previous!(non%aging)!findings!showing!little!correlation!between!FA!and!myelin!measures!(Beaulieu,! 2002,Beaulieu! and! Allen,! 1994,De! Santis,! et! al.,! 2014,Madler,! et! al.,!2008).!Furthermore,!other!metrics!that!are!sensitive!for!tissue!fractions!(IEWF,!NDI)!or!compartmentalization!(kurtosis!metrics)!did!not!show!large!age%related!differences!in!frontal!WM.!This!begs!the!question!of!what!actually!drives!the!decrease!in!frontal!FA,!if! it! is! not! demyelination.! Figure! 8! has! shown! us! a! frontal! increase! in! neurite!dispersion! (ODI)! as!modeled! by! the! NODDI! framework.!Moreover,! throughout!the! WM,! ODI! shared! 36%! of! variance! with! FA! (Figure! 10).! Although! highly!speculative,! these!combined!findings!suggest! that!rather!than!demyelination!or!alterations!in!tissue!compartmentalization,!increased!axonal!disperion!may!drive!the! earliest! decreases! in! frontal! FA.! In! line! with! this! argument,! a! study!investigating!the!correlation!of!similar!(but!not!the!same)!MET2!and!multi%shell!dMRI! metrics! in! a! young! cohort! (mean! age/standard! deviation!=!24.2/2.8!yrs)!found! that! DTI! measures! are! more! dependent! on! the! underlying!microarchitectural! paradigm! (e.g.! presence/number! of! crossing%fibers)! than!metrics!based!on!multicompartment!models!(De!Santis,!et!al.,!2014).!!!
4.3!Kurtosis!metrics!and!NDI!may!reveal!signs!of!late!maturation.!!! The!VBA!and!ROI!results!finding!positive!correlations!of!age!with!MK!and!RK! diverge! from! previous! studies! in! which! negative! correlations! were! found!(Coutu,!et!al.,!2014,Gong,!et!al.,!2014,Latt,!et!al.,!2013).!Age%related!differences!in!AK!were! only! reported! in! (Coutu,! et! al.,! 2014)! and! in! contrast! to! our! findings!showed! negative! correlation! with! age.! This! could! be! explained! by! the! older!sample!in!the!Coutu!et!al.!study,!which!may!have!captured!the!phase!of!decline!while! our! sample! reflects! late! maturation! and! early! ageing.! Figure! 4! indeed!suggests!that!AK!and!MK!in!most!ROIs!follow!an!inverted!U%shaped!curve!which,!given! the! positive! linear! correlation! with! age! (Figure! 3),! goes! along! with! an!
!!
initial!increase!(associated!with!ongoing!maturation)!and!subsequent!decline.!In!DTI! metrics! on! the! other! hand,! the! phase! of! reversal! seems! to! have! already!passed,!as!FA!continues!to!decrease!(inverted!U%shape)!and!diffusivities!continue!to! increase! (U%shape).! DTI! and! DKI! metrics! may! therefore! relate! to! different!dynamics!throughout!the!lifespan,!meaning!DTI!metrics!may!reveal!early!decline!through! the! linear! correlation! coefficients,!while! kurtosis!metrics!may! capture!signs!of!late!maturation.!!Similar! to! kurtosis! metrics,! we! detected! an! increase! of! NDI! with! age!instead! of! an! expected! decrease.! The! pattern! of! age%related! differences! of!NDI!closely!resembled!that!of!kurtosis!metrics,!with! the! largest!clusters! in!superior!parietal!WM!(Figures!7,8)!and!a!trend!towards!an!inverted!U%shape!curve!in!total!cerebral!WM! (Figure! 4).! Furthermore! Figure! 10! has! shown! that! NDI! and! MK!correlate!very!strongly!and!have!89%!of!shared!variance,!suggesting!a!common!driving!factor.!One!possible!explanation!could!be!that!age%related!differences!in!non%Gaussian! diffusion! as! measured! by! MK! are! largely! driven! by! changes! to!axonal!density.!!!!4.4! MET2!metrics! are! less! sensitive! to! age%related! differences! during! early! to!mid%adulthood!than!diffusion!measures!! As!only!minor!differences!with!age!were!found!using!MET2,!it!may!be!less!suitable!for!studying!early!aging!effects!than!diffusion!MRI!and!DTI!and!NODDI!metrics! in! particular.! While! shared! variance! values! between! MET2! and! DTI!metrics! were! below! the! significance! threshold! (Figure! 10),! some! degree! of!similarity! was! detected! between! MET2,! DKI! and! NDI.! This! similarity! is! not!surprising!as!kurtosis! is!believed!to!reflect! the!degree!of!compartmentalization!(Hui,!et!al.,!2008),!!which!is!also!reflected!in!MWF,!IEWF!and!NDI.!!!Interestingly,! in! ROIs! where! differences! in! MWF! were! detected,! the!correlation!with!age!was!positive,!suggesting!an!increase!in!myelin!content!with!age.! Although! in! agreement! with! Flynn! et! al.! (Flynn,! et! al.,! 2003),! this! is!counterintuitive.! In! this! context! it! is! important! to! keep! in!mind! that!MWF!and!IEWF!are!defined!as!a!ratio!relative!to!the!total!visible!T2!distribution.!An!age%related!increase!in!MWF!may!therefore!also!be!explained!by!an!absolute!loss!of!
!!
IE!water.!An!age%related!decrease!of!MWF!may!indicate!both!demyelination!and!also!an!absolute!increase!of!IE!water!or!the!presence!of!an!additional!water!pool!with! T2! values! outside! both!myelin! and! IE! integration!windows! (i.e.! between!200ms!and!2s).!The!latter!is!unlikely!to!be!present!in!the!current!study!sample!as!they! have! only! been! detected! in! pathologic! white! matter,! e.g.! in! case! of!phenylketonuria!(Laule,!et!al.,!2007b)!or!multiple!sclerosis!(Laule,!et!al.,!2007a).!!!
4.5!Comparison!between!ROI!and!VBA!results!! The! advantage! of! an! ROI! analysis! for! aging! studies! is! that! results! can!easily! be! localized! to! certain! specific! anatomical! regions! and! the! number! of!statistical!comparisons!may!be!reduced!relative!to!whole!brain!VBA!approaches.!Moreover,! the! introduction! of! smoothing! and! statistical! thresholds!means! that!changes! in! smaller! regions! such! as! the! fornix,! are! less! readily! detected! using!VBA.! One!would! expect! however,! that! the! greatest! regional! changes!would! be!detected!by!both!methods.! ! Indeed,! in!most! regions,! results! from!our!VBA!and!ROI! analysis! are! in! agreement.! There! were! however! some! exceptions.! For!example,! in! the! posterior! corona! radiata,! VBA! detected! subtle! differences! in!MET2!metrics,!MD!and!AD!that!were!not!detected!in!the!ROI!analysis.!This!could!be!due! to!ROIs!not!capturing!as!much!WM!in! this!region!as!well!as!differential!partial!volume!effects,!smoothing,!and!statistical!significance!thresholds!related!to!FWE!correction.!!!4.6!!Methodological!considerations!
' Our!results!are!largely!in!accordance!with!previous!MRI!findings!on!larger!populations! and! neurobiology.! The! age! range! of! our! participants! most! likely!captures! the! processes! of! late! development! and! early! neurodegeneration,! and!therefore!our!findings!may!be!less!comparable!to!studies!that!include!younger!or!older!participants.!For!example,!analyses!including!participants!over!and!under!60! years! old! have! demonstrated! more! significant! decline! in! the! older! group!(Salat,!et!al.,!2005).!This!could!also!explain!why!we!did!not! find!any!significant!decrease! in!WM!volume!with!age,! and!why!some!parameters!did!not!display!a!
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quadratic! correlation! with! age.! Because! WM! volume! (and! also! grey! matter!volume)! did! not! decrease! significantly,! we! did! not! include! brain! volume! as! a!covariate.!This!could!also!account!for!discrepancies!with!other!studies.!!!Undertaking!a!multimodal!multiparametric!analysis!such!as!in!this!study!necessarily! requires! multiple! image! registration! steps.! In! order! to! minimize!registration!errors,!we!used!a!population!atlas!based!approach!and!sophisticated!well%validated! non%linear! registration! methods! (Avants,! et! al.,! 2008),! and!assessed! registration! accuracy! at! each! stage! of! the! processing! and! analysis!pipeline.! However,! as! with! all! studies! of! this! type,! we! cannot! rule! out! the!contribution! of! subtle! registration,! interpolation! and! partial! volume! effects! to!our! findings!(Van!Hecke,!et!al.,!2011,Vos,!et!al.,!2011).! In!this!context,!although!we!did!not!detect!voxel%wise!correlations!between!age!and!WM!volume,!it!is!still!possible! that! the! associations! we! have! detected! reflect! age%related!macrostructural! changes! rather! than! changes! in! specific! microstructural!elements!such!as!myelin!content.!!Some!metrics!in!our!study!varied!with!age,!however,!correlation!does!not!imply!a!causal!relationship.!Other! factors!that!are!not!related!to!age!such!as!IQ!may! have! an! influence! on! these! metrics.! We! did! not! explicitly! test! IQ! in! this!sample;!however,!there!were!no!differences!in!educational!level!across!the!age%range! studied.! Participants! of! different! ages! were! also! randomly! scanned,!reducing!the!influence!of!scanner!changes!over!time.!!!In! vivo!MRI!metrics! are! indirect!measures! based! on! averaging!multiple!tissue! properties! over! voxels! many! times! larger! than! the! structures! that! are!being! probed.! Whilst! the! various! metrics! are! described! in! terms! of! biological!properties!such!as!intra!and!extracellular!water,!or!myelin,!in!reality!these!labels!are! based! on! mathematical! models! as! applied! to! imperfect! MRI! data.! ! We!detected!a!number!of!counterintuitive!findings!in!this!context.!For!example,!NDI!(reflecting! neurite! density),! increased! with! age.! This! highlights! the! need! for!further! basic! research! into! the! neurobiological! correlates! of! diffusion!MRI! and!MET2!measures!as!the!models!are!influenced!by!other!tissue!properties!beyond!
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those!the!metrics!attempt!to!characterize.!For!example,!WM!regions!in!the!deep!WM! and! the!midbrain! are! close! to! structures! that! contain! iron! or! accumulate!iron!with! age! (Callaghan! et! al,! 2014).! Iron! influences! the! T2! relaxation! signal,!which!underlies!all!the!metrics!assessed!in!this!study.!!!5.!Conclusion!!Using! advanced! diffusion! MRI! and! multi%exponential! T2! relaxation! we!found!age%related!differences!in!multiple!MRI!measures!of!microstructure!across!the!brain!WM!that!predate!atrophy.!Commonly!reported!frontal!WM!decreases!in!FA! may! not! reflect! demyelination,! but! an! increase! in! axonal! dispersion.! The!correlation!between!MET2,!DKI!metrics!and!neurite!density!(NDI)!suggests!they!may! be! sensitive! to! similar! microstructural! features,! whilst! DTI! and! NODDI!appear!to!be!most!sensitive!to!lifespan!effects!in!young!to!mid%adulthood.!Further!research!into!the!underlying!biological!basis!of!novel!MRI!based!measures!is!required,!however!this!study!clearly!demonstrates!the!added!value!of! using! multimodal! multiparametric! MRI! data! for! assessing! age%related! WM!microstructural!differences.!!
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Figure'and'table'legends'!Figure!1.!Image! processing! pipeline! used! in! the! current! study.! Aff.! =! Affine,! Diff.! =!diffeomorphic,!MI!=!mutual!information,!CC!=!cross!correlation,!NR!=!non%rigid.!!!Figure!2.!!Parameter! maps! obtained! from! a! single! participant! in! template! space.! FA:!fractional! anisotropy;! MD:! mean! diffusivity! (mm2/s);! RD:! radial! diffusivity!(mm2/s);! AD:! axial! diffusivity! (mm2/s);! KA:! kurtosis! anisotropy;! MK:! mean!kurtosis;! RK:! radial! kurtosis;! AK:! axial! kurtosis;! MWF:! myelin! water! fraction;!IEWF:! intra%! and! extracellular! water! fraction;! IEW%gmT2:! geometric! mean! T2!time! of! intra%and! extracellular!water! (s);! G%gmT2:! geometric!mean! T2! time! of!general! T2! distribution! (s);! NDI:! neurite! density! index;! ODI:! orientation!dispersion!index;!FISO:!isotropic!fraction!!Figure!3.!!Linear!correlation!coefficients!of!metrics!with!age.!Cell!values!in!black!represent!correlation! coefficients! that! are! significant! (p<0.05)! at! uncorrected! level.! Cell!values!in!white!represent!correlation!coefficients!that!are!significant!(pFWE<0.05)!after! controlling! the! family%wise!error.!The!order!of!ROIs!and!metrics!depends!on!the!mean!R2!of!linear!(standard)!or!quadratic!fit!(if!significantly!better):!ROIs!are!ranked!in!order!of!decreasing!mean!R2!across!metrics!and!metrics!are!ranked!in!descending!order!of!mean!R2!across!ROIs.!The!color!labels!correspond!to!the!JHU!ROIs!used!for!analysis,!as!illustrated!on!the!axial!brain!slices!(below).!!Figure!4.!!Quadratic!correlation!coefficients!of!metrics!with!age.!A!positive!sign!indicates!U%shaped! curve! and! a! negative! sign! indicates! an! inverse! U%shaped! curve.! Cell!values!in!black!represent!correlation!coefficients!that!are!significant!(p<0.05)!at!uncorrected!level.!Cell!values!in!white!represent!correlation!coefficients!that!are!significant!(pFWE<0.05)!after!controlling!the!family%wise!error.!Cells!with!a!black!border! indicate! the! quadratic! fit! is! significantly! better! than! the! linear! fit! from!
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Figure! 3.! For! comparison,! ROIs! and!metrics! are! ranked! in! the! same!way! as! in!Figure! 3.! The! color! labels! correspond! to! the! JHU! ROIs! used! for! analysis,! as!illustrated!on!the!axial!brain!slices!(below).!!!Figure!5.!!Scatter!plots!illustrating!ROIs!where!quadratic!fit!with!age!is!significantly!better!than! a! linear! fit! (red! =! female,! blue! =!male).! Panel! A:! intra%! and! extracellular!water! fraction! in! the! fornix! stria! terminalis! increases! again! with! age! after! a!minimum! is! reached! between! 40! and! 50! years! of! age.! Panel! B:! ! Orientation!dispersion!of!neurites!in!the!retrolenticular!part!of!the!internal!capsule.!Panel!C:!Radial!diffusivity!in!the!sagittal!stratum.!D:!Mean!kurtosis!in!the!anterior!limbs!of!the!internal!capsule!!Figure!6.!!Statistical!parametric!maps!from!voxel%based!linear!regression!of!WM!diffusion!tensor!parameters!with!age.!FA:!fractional!anisotropy,!MD:!mean!diffusivity,!RD:!radial! diffusivity,! AD:! axial! diffusivity.! The! blue! color! scale! indicates! negative!correlation!(r<0)!with!age.!The!red!scale!indicates!positive!correlation!(r>0)!with!age.!DTI!metrics! reveal! increasing! isotropic! diffusion!with! the!most! significant!differences!in!frontal!WM.!!Figure!7.!Statistical!parametric!maps! from!voxel%based! linear! regression!of!WM!kurtosis!parameters! with! age.! KA:! kurtosis! anisotropy,! MK:! mean! kurtosis,! RK:! radial!kurtosis,! AK:! axial! kurtosis.! The! blue! color! scale! indicates! negative! correlation!with! age.! The! red! scale! indicates! positive! correlation! with! age.! DKI! metrics!showed! minor! but! widespread! differences! with! age.! The! most! significant!differences!were!found!in!regions!near!the!corona!radiata.!!Figure!8.!Statistical! parametric! maps! from! voxel%based! linear! regression! of!WM! NODDI!parameters!with! age.! FISO:! isotropic! fraction,! NDI:! neurite! density! index,! ODI:!
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orientation! dispersion! index.! The! red! scale! indicates! positive! correlation! with!age.!NODDI!metrics!reveal!a!large!and!widespread!increase!in!isotropic!diffusion.!NDI!expressed!increased!neurite!density!mainly!in!superior!parietal!WM!(corona!radiata).!Differences! in!ODI!were! located! in! frontal!WM,! superior! parietal!WM!and!regions!of!crossing!white!matter!pathways.!!!Figure!9.!Statistical! parametric! maps! from! voxel%based! linear! regression! of! WM! MET2!parameters!with!age.!MWF:!myelin!water!fraction,!IEWF:!intra%and!extracellular!water! fraction,! IEW%gmT2:! geometric!mean!T2! time! of! intra%! and! extracellular!water,! G%gmT2:! geometric! mean! T2! time! of! general! T2! distribution.! The! blue!color! scale! indicates! negative! correlation! with! age.! The! red! scale! indicates!positive! correlation!with! age.!MWF!did! not! change! significantly! in! frontal!WM!but!in!parallel!with!IEWF!showed!largest!differences!in!the!midbrain.!IEW%gmT2!and!to!a!less!extent!G%gmT2!showed!frontal!and!superior!parietal!increases!with!age.!!!Figure!10.!!The! shared! variance! of! metric! values! averaged! over! the! cerebral! WM! mask!expressed!as!a!percentage!(The!higher!the!shared!variance!between!two!metrics,!the!better!differences!in!one!metric!explain!differences!in!the!other!metric).!Red!and! blue! color! scales! additionally! indicate!whether! two!metrics! are! positively!(r>0)! or! negatively! (r<0)! correlated,! respectively.! Non%significant! values,!controlling!the!family%wise!error!at!p=0.05!level,!are!displayed!in!grey.!Kurtosis!metrics! (AK,!MK,!RK,!KA)! and!NDI! correlated!well!with!MWF!and! IEWF.!Mean!kurtosis!correlated!well!with!neurite!density!index!!Table!1!Summary!of!metrics!used!in!this!study.!Adapted!from!(Billiet,!et!al.,!2014a).!Panel!A)! Summary! of! dMRI! techniques,! models! and! derived! parameters! used! in! the!present! study.! FA! =! fractional! anisotropy,! MD! =! mean! diffusivity,! RD! =! radial!diffusivity,!AD!=!axial!diffusivity,!MK!=!mean!kurtosis,!RK!=!radial!kurtosis,!AK!=!axial!kurtosis,!KA!=!kurtosis!anisotropy,!FISO!=!isotropic!fraction,!NDI!=!neurite!
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density!index,!ODI!=!!orientation!dispersion!index.!Panel!B)!Summary!of!myelin!water!imaging!model!and!derived!parameters!used!in!the!present!study.!MWF!=!myelin!water!fraction,!IEWF!=!intra%!and!extracellular!water!fraction,!IEW%gmT2!=!geometric!mean!T2!time!of!intra%!and!extracellular!water,!G%gmT2!=!geometric!mean!T2!time!of!general!T2!distribution!!!Supplementary!Table!1:!!Mean! size!and! standard!deviation!of! total! cerebral!WM!and! regions!of! interest!from! John! Hopkins! University! white! matter! atlas! (Mori,! et! al.,! 2005)! after!applying!WM!masks!as!described!in!section!2.3.3.!!Supplementary!Figure!1!Percentage!of!overlap!of!each!individual’s!white!matter!mask.!Values!represent!the! frequency! that! a! voxel! of! the!WM!mask! as! described! in! section! 2.3.3! was!classified!as!white!matter!across!participants!(i.e.!individual!segmentation!higher!than!0.8)!!!!Supplementary!Figure!2!Comparison! of! ‘youngest’! and! ‘oldest’! white!matter!masks.! Red! =!mean! white!matter! segmentation! of! six! youngest! participants! (age! =! 19.2! ±! 1;! 3! males)!thresholded! at! 0.8.! Green! =! mean! white! matter! segmentation! of! six! oldest!participants! (age! =! 62.3! ±24;! 3! males).! Blue! =! overlap! between! white! matter!masks!of!both! subgroups.!A! large!overlap! is! seen! throughout! the!white!matter!illustrating!little!age%related!differences!due!to!registration.!
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T1 brain 
T1 white matter FA (b=1000) 
average DWI 
(b=1000) 
Diffusion tensor 
(b=2800) 
Population-
based 
template in 
register 
with MNI 
space 
First echo 
Representative subset of diffusion tensor maps (b=2800) 
 
• Male: N = 15, age (mean/S.D./min./max.) = 41.2/14.0/19.3/64.3  
• Female: N = 15, age (mean/S.D./min./max.) = 40.8/14.5/19.4/64.3 
… 
Individual WM mask (c2 > 0.8) (incl.) 
Yellow: mean c2 > 0.8 (incl.); Blue: ventricle (excl.); 
Red: basal ganglia and thalamus (excl.) 
… 
VBA analysis 
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ROI analysis 
T1 space dMRI space MET2 space 
Affine 
MI 
Diff. 
MI 
Diff. 
CC 
Aff. 
NR 
Tensor- 
based 
Creation 
of population-
based template 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT

	



	


	







   
  
   
  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Cerebral WM 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Cerebral WM 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
R
D
 (m
m
2 /s
 x
 1
0-
4 )
 
Sagittal stratum (includes ILF and IFOF) Anterior limbs of internal capsule 
Fornix cres/stria terminalis Retrolenticular part of internal capsule A B
C D
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FA 
MD 
RD 
AD 
T = 4.92 
T = 4.90 
T = 4.86 
T = 4.96 
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KA 
MK 
RK 
AK 
T = 4.76 
T = 4.86 
T = 4.84 
T = 4.93 
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FISO 
NDI 
ODI 
T = 4.69 
T = 4.82 
T = 4.93 
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MWF 
IEWF 
IEW-gmT2 
G-gmT2 
T = 4.49 
T = 4.92 
T = 4.93 
T = 4.89 
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Red = youngest participants 
Green = oldest participants 
Blue = overlap   
